Introduction
[2J Much of interaction between river plumes and the coastal ocean occurs at the front of each successive ebb tidal pulse [Pritchard and Huntley, 2002; Luketina and 1m berger, 1989] . Tidal plume fronts exhibit vigorous mixing and disturb the seabed, dissipating the pbme energy and mixing upwelled nutrients and iron (Fe) from re-suspended river sediments into the surface layer [Orton and Jay, 2005] . Despite high plume stratification, more upwelled nutrients (N and P) and Fe may reach the su:face in the plume area than outside of it. The Columbia River (CR) plume, for example, is highly productive and contributes to regional primary production, especially the plume front [Jay et al., 2009; Hickey et al., 2009] .
[lJ Simpson and Britter [1980J suggested that as the frontal Froude number (Fr, the ratio of frontal speed to the internal wave speed) increases, frontal entrainment goes up. Pritchard and Huntley [2006J reported that mixing was high in the supercritical (Fr > 1) frontal region of the buoyant outflow from the estuary of the River Teign in the UK. Orton and Jay [2005J found locally strong mixing at the CR plume front with an eddy diffusivity of 0(0.2 m 2 S-I) 50 m behind the front. Non-linear internal waves (NLlWs) can be generated at and propagate offshore from the plume front as it transitions from a supercritical to subcritical state [Nash and Mourn, 2005] . Jay et al. [2009J reported that there are obvious differences in internal wave generation at upstream fronts between upwelling and downwelling conditions. Horner-Devine et al. [2009J defined plume anatomy using the supercritical front around the tidal plume (the most recent outflow) to distinguish the tidal plume from the near-field that has been at sea for several days. Once the tidal plume front becomes subcritical, the tidal plume merges into the near-field.
[4J These obser;;ations suggest that the frontal Froude number is a very important parameter characterizing river plume frontal behavior. In this study, we introduce a method to estimate plume the frontal Fr using satellite Synthetic Aperture Radar (SAR) images. A SAR collects high resolution (~1 0 m) images of ocean surface, and captures spatial features of internal waves and fronts. The study uses SAR imagery in CR plume region in a new way to determine the spatial variation of Fr along the tidal plume front 2. Methodology [~J SAR image intensity is related to the spectral density of ocean surfrce waves. Satellite SARs work at the cm-wavelengths and are tuned to be in Bragg resonance with surface gravity-capillary waves that are the dominant scatterers, and the SAR radar backscatter cross section per unit area is determined by the spectral density of gravitycapillary waves [Plant, 1990] . A spectral density function for gravity-capillary waves was derived by Yuan [1997J and consists of three comp:ments representing the wind-input, surface tension, and wave-current interaction terms, respectively. At the scale of a river plume front, it is reasonable to take the wind-input and surface tension terms as constants that affect only the background wave spectral density.
Therefore, spatial variations in the SAR image intensity associated wi th the riv~r front are determined only by the wave-current interaction term. This term is proportional to the convergence of the surface velocity. Thus, taking into account the SAR beam looking angle (ip) relative to the front normal direction (Figure 1 ), the radar cross section 0"0 associated with the front is proportional to the velocity convergence [Zheng et al., 2001; Pan et al., 2007J ( 1) Strong convergence occurs at the plume front. Thus, the front is characterized by a bright line in a SAR image. Figure 1 . Schematic map of a plume front and frontal internal waves.
I'lumc Front
The integral of the radar backscatter cross section across the front line is (2) where x is in cross-front direction; SI and S2 represent the positions on both sides of the front ( Figure 2) ; Vris velocity in the frontal area, namely the speed of the plume behind the front; Va is ambient velocity, representing ambient speed of the old plume water outside the front; and C is a constant. We consider here a coordinate system perpendicular to the front, and Vr and Va are the local velocity components perpendicular to the front, just within and outside the front, respectively. The frontal Froude number is the ratio of the frontal phase speed (U r ) to the inte:nal wave speed (c). In the presence of an ambient (normal) current (Va), Fr is written as [Pritchard and Huntley, 2002J 
Fr=(V;-Va)/C, (3)
A coefficient, i3 is defined by Pritchard and
Therefore, the Froude number is derived as (5) where e:h can be regarded as nearly constant along the plume front. There is often a fission point at the river plume front, where an internal wave is being generated and the frontal Froude number is critical: Fr = 1 (CL point Gin Figure 1 ) [Nash and Mourn, 2005; Jay et at., 2009] . At point G, the relative frontal radial speed equals the internal wave phase speed in the ambient water; thus, Therefore, we have
Cross-Front Distance 
Combination of (7) and (8) yields
From (2) and (9), we derive the frontal Froude number
The frontal location is characterized by the azimuthal angle e, shown in Figure 1 , in which point 0 represents the center of the nearly radial plume front. Thus, knowledge of Fr at one point on the front suffices to determine it along the entire visible front. Note that the calculated Fr numbers are defined in the frame of reference perpendicular to the front, and not parallel to the local flow velocity.
SAR Image Analyses
[6J The SAR image used in this study was taken on 31 May 2003 at 14:33:19 UTC by RADARSAT-l SAR, and processed at the Alaska Satellite Facility in Fairbanks, Alaska. This image (Figure 3) shows a CR plume front sepalUting the plume water from the ambient coastal water; there was an internal wave traveling seaward from the front. Internal wave fission was occurring at point G, at the intersection of the frontal line and the internal wave crest line. Winds were weak southerlies with a direction and speed about 200 0 and 1 m S-I, respectively. The image time was about 6.S hrs after t he higher high water at the estuary mouth, indicating that the front was associated with t he most recent ebb.
[7J In order to calculate the Fr along the front, we select 10 rectangle areas across the front and they are marked as A, 8, C, ... , J in Figure 3 . In each white rectangular box, we choose 10 sections across the front, and obtain 10 SAR image intensity profiles. To reduce the image noise, each group of 10 sectional profiles is averaged. The averaged SAR image intensity (SII) profiles (Figures 4a-4h) show that peaks in the image intensity sectional profiles are associated with the plume front. Figure 4h reveals strong dual peaks; the left one represents the internal wave and the right one is the front. The beginning and ending points for the integration in (10) are deduced from the SAR image and marked as SI and S2 in Figures 4a-4h . To obtain t he integral in (10), we need to subtract the SAR image background contributions from the image data. The method is described as follows_ The integral of the image intensity (SII) over the distance from SI to S2 is ( Figure 2) 1, ,,
[8J The background is given by , " " The integral of the SAR image intensity without the background contributions is (13) Q is the area of the shaded region in Figure 2 . For the data in Figure 4 , Q is calculated from equations (11)- (13), and Fr for A-J is obtained from equatio:l (10); results are listed in Table 1 , along with COSip.
[9 J The calculated Fr along the front is shown in Figure 5 , in which x-axis represents the distance along the front line with the positive direction to the north and the origin at the internal wave fission point. Figure 5 suggests that the Froude number is increasing from south to north along the front line except at section C.
[IOJ To understand the observed along-frontal variations in Fr, some mesoscale context is needed. Winds at the time of this SAR image were downwelling favorable but weak, sufficient to stop coastal upwelling, but not strong enough to displace the larger CR plume to the north. The CR tidal plume is initially supercritical with respect to Fr on all stronger ebbs. Jay ef at. [2009J observed that when the front is supercritical, it is sharp and narrow (only ~20-100 m wide on its upwind or northern side, cf. Figure 3) and marks a transition from supercritical to subcritical flow for up to 12 hours after high water. Supercritical plume fronts often generate NLlW trains as they slow and transition to a subcritical state. Moreover, NLlW formation almost always begins on the south side of the plume so that the front "unzips" from south to north, as shown in Figure 1 . This implies that a frontal transition from supercritical to subcritical conditions first occurs on the south side tidal plume, regardless of whether this is the upwind or downwind side of the plume.
[IIJ Jay ef at. [2009J suggested that there are two reasons for the obseNed fron~al asymmetry, at least during the summer season. First, there is not a perfect reversal of alongshore currents between south and north -currents to the south are usually stronger than northward currents. This disproportionately sharpens convergence on the north side of the plume. Potential vorticity conservation provides a second mechanism. The equations for potential vorticity and mass conservation for a surface layer (assumed vertically uniform) are
( 15) where ~ is relative vorticity and H is the plume depth. The initial condition as the front emerges is that ~ = 0 (8uI8y= 0) in mid-outflow. For northward turning plume waters, the divergent tidal flow beneath the plume causes ~ to decrease, so ~ < O. Given that changes in f are very small over the [Nash and Mourn, 2005] .) In contrast, the divergent tidal flow beneath the plume causes ~ to i:lcrease for southward turning waters, producing a lower Fr. Thus, we expect an increase in Fr northward along the front. Plume expansion will eventually cause a transition to subcritical conditions (Fr < 1), and frontal energy is lost by a pulse of NLlW generation, but this will occur first on the south side of the plume. While there a turbulent frictional energy loss at the base of the plume -and this momentum exchange is required for the tidal vorticity transfer described above, the inviscid form of potential vorticity conservation (14) provides a simple, qualitatively correct description.
[12J The above suggests that the Columbia River plume front should frequently be seen as asymmetric in SAR images both in terms of Fr and mixing status. To the north, the front is sharp and mixing is strong, and to the south, it is diffuse with less mixing. This is consistent with Froude number calculation in this paper, which shows that the Froude number increases from south to north except location C ( Figure 5) . The anomaly at C could result from noise in the SAR image or from small-scrle frontal phenomenon -the front is not perfectly two-dim~nsionaL
Summary
[13J SAR images capture sea surface backscatter of radar signals, which is related to the surface spectral density of gravity-capillary waves and proportional to the velocity convergence. Based on this principle, we develop a new method to estimate the river plume frontal Froude number from SAR images and apply it to a SAR image showing a plume front and an internal wave in the CR plume region under the weak downwelling condition. Result shows that Fr increases from south to north along the front, a result that has been explained by yorticity conser;;ation and interaction with alongshore currents. The SAR image-based method we advance here makes it much easier to determine azimuthal Fr variations (the front evolves so rapidly that no two passes ofa single vessel across it can be considered synoptic) and is useful in testing models and theories of buoyant plumes.
